The peptic ulcer-causing bacterium Helicobacter pylori was found to contain an Hz-uptake hydrogenase activity coupled to whole cell (aerobic) respiration. The activity was localized to membranes which functioned in the Hz-oxidizing direction with a variety of artificial and physiological electron acceptors of positive redox potential. Immunoblotting of H. pylori membrane components with anti (B. japonicum) hydrogenase large and small subunit-specific antisera identified H. pylori hydrogenase peptides of approximately 65 and 26 kDa respectively, and H. pylori genomic DNA fragments hybridizing to the (B. japonicum) hydrogenase structural genes were identified. The membrane-bound activity was subject to anaerobic activation, like many NiFe hydrogenases.
Introduction
Helicobacter pylori is a spiral microaerophilic bacterium cultured from the human gastric mucosa. A link between Helicobacter infection and human disease was first noted based on the invariable association of the bacterium with chronic superficial gastritis [1, 2] . Although symptoms are not evident in the majority of infected persons, H. pylori infection is a significant predisposing factor for the development of peptic ulcer disease, gastric lymphoma, and gastric adenocarcinoma.
Progress in understanding the pathogenesis of H. pylori infections as well as approaches toward successful therapies will likely require knowledge of the basic metabolic pathways of the organism. For example, the gastric Helicobacter spp. produce large amounts of the enzyme urease [3, 4] ; the urease activity has become a popular diagnostic tool for the pathogenic organism in humans and the ammonia generated by this enzyme is widely believed to be involved in the Helicobacter-mediated gastric cell pathology [2, 5] .
NiFe hydrogenases among a variety of bacteria contain highly conserved domains, including the cysteine-rich areas that bind to NiFeS or FeS clusters [C--10]. Therefore, both immunologically based similarities and DNA homologies have been useful to detect hydrogenases, even among organisms where they have different physiological functions [ 10,111. The discovery of an H. pylori gene predicting a pro-tein with similarities to the B. japonicum nickel-binding HypB protein [12] encoded within the hup gene cluster of B. japonicum [13, 14] prompted us to analyze the gastric tissue-colonizing bacterium for hydrogenase activity, and for hydrogenase structural genes by Southern hybridization.
Materials and methods

Culture media and growth of Helicobacter
H. pylori strain Leu, a clinical isolate from a patient with a duodenal ulcer was cultured on Campylobacter agar Skirrow (Difco) plates supplemented with 10% defibrinated sheep blood. The plates were incubated in gas-tight jars at 37°C in S-15% 02 by use of the BBL CampyPak system (Becton-Dickinson Co., Cockeysville, MD). After 24 h cells were harvested from the plates by suspension in phosphate-buffered saline pH 7.4 (PBS), washed once with the PBS, and then resuspended in 0.05 M Kphosphate pH 7.0 buffer containing 2.5 mM MgClz for subsequent hydrogenase assay or for cell disruption.
Immunoblotting and gene probing
B. japonicum cultures were grown and derepressed for hydrogenase as described previously [15] . Amperometric Hz uptake assays on whole cells of B. japonicum or H. pylori were done as described [16] .
Immunoblotting procedures were exactly as described previously [16] . A 4.2 kb HindIWXbaI fragment from pRY12 encoding the hydrogenase structural genes [ 17,181 from B. japonicum was used as a probe against a total genomic DNA preparation [12] of H. pylori. Low stringency hybridization conditions (37"C, 50% formamide) were used.
2.3. Preparation of membranes and diSference spectral analysis H. pylori membranes were prepared as described previously for B. japonicum [19, 20] in 50 mM potassium phosphate pH 7.0 containing 2.5 mM MgC12 and with added butylated hydroxytoluene (4 mg/ml). These are conditions we previously determined were optimal for isolating Hz-oxidizing particles from B. japonicum [19] . Fractionation of the crude extract into soluble and membrane-associated fractions was by ultracentrifugation as described [19] . Membranes were suspended in the K-phosphate buffer at 5-6 mg protein per ml and stored on ice, but always used the same day as their preparation.
Membranes were always kept under argon, and transferred via syringe into Ar-flushed vials [19, 20] . Difference absorption spectra were performed as described in reference [21] .
The membranes were washed by resuspension in 50 mM K-phosphate pH 6.8, diluted to 1.65 mg protein per ml in the same buffer and incubated aerobically for 30 min at room temperature to deplete remaining endogenous substrate. A 1 .O ml sample was then added to a semi-micro quartz cuvette with a 10 mm path length, and the cuvette inverted several times just prior to recording the (memorized) oxidized scan. An oxidized minus oxidized scan revealed no absorption peaks. A rubber sleeve-type stopper was inserted into the cuvette prior to (15 min of) Hz-sparging (100% Hz).
Results and discussion
Using B. japonicum hydrogenase structural genes as the probe, hybridizing fragments of 3.5 and 1.3 kb were observed from BgflI and HindIII-digested genomic DNA respectively (data not shown). Recently, we became aware of an independent report (in abstract form) that random sequencing analysis provided evidence that H. pylori contained genes encoding homologs to the hydrogenase subunits from the rumen bacterium Wolinella succinogenes [22] . Hydrogenase assays were not done, but because of the significant DNA homology between the Wolinella and Helicobacter species, those authors postulated that a hydrogenase may exist for anaerobic Hz metabolism reactions in H. pylori.
Whole cells of microaerophilically grown H. pylori cells had substantial 02-dependent Hz uptake hydrogenase activities when assayed directly for Hz oxidation amperometrically;
activities that averaged 282 nmol/h per lOa cells were obtained from three separate assays. This activity is in the range seen (using the same amperometric assay) for whole cells of other Hz-oxidizing respiratory bacteria such as Bra- with 0s as the electron acceptor, indicating that the organism couples HZ oxidation to an energy-conserving respiratory chain (see below).
Immunoblotting for hydrogenase subunits with affinity-purified serum prepared against the individual B. japonicum hydrogenase subunits [26] revealed the existence of a subunit of approximately the same size as the (65 kDa) B. japonicum subunit in H. pylori membrane extracts (Fig. 1) . The intensity of staining of this band (Fig. 1, left) compared to the B. japonicum control indicates the H. pylori peptide is highly homologous to the B. japonicum large subunit. The antisera prepared against the small subunit of B. japonicum hydrogenase readily detected an H. pylori peptide of about 26 kDa (Fig. 1, right panel) , 8 kDa smaller than the B. japonicum hydrogenase small subunit [26] . All known Ni-hydrogenases are composed of two subunits with molecular masses of 4672 kDa (large subunit) and 23-38 kDa (small subunit) [6, 8] .
A crude extract from H. pylori was fractionated into membrane particles and soluble components by ultracentrifugation [19] . The washed and resuspended membrane particles (in the phosphate buffer with MgCls described above) were capable of coupling Hs oxidation to a variety of positive potential artificial electron acceptors including methylene blue (commonly given the relative activity of lOO%), phenazine methosulfate, DCPIP, and ferricyanide (see Table 1 ). The negative potential acceptor FMN was capable of accepting electrons from the Hs-oxidizing chain hydrogenase in these membranes but at a much lower rate than with the positive potential acceptors, and benzyl viologen was unsuitable as an acceptor. The results show that this hydrogenase is poised at a redox potential to act in Hz oxidation in a respiratory fashion like NiFe hydrogenases of diverse aerobic and chemoautotrophic bacteria [24, 25] .
The physiological acceptors cytochrome c and O2 were also reduced by membranes in a H*-dependent manner. The coupling of Hz oxidation to 0s (i.e. respiration) indicates a complete Hz-oxidizing electron transport chain exists in the H. pylori membranes. Although the artificial electron acceptor-dependent activities were stable (on ice) for up to 24 h, the Oz-dependent activity in membranes diminished with time, so that in 12 h just 2432% of the initial activity remained (data not shown). We noticed that membranes stored on ice but exposed to 0s retained even less activity.
10% of the (methylene blue-dependent) Hz uptake activity compared to the same sample assayed anaerobically. The Os-exposed samples reached the same activities (MB-dependent)
as the anaerobic samples after several minutes of strictly anaerobic incubation, thus the activity is reversibly inhibited by 0s. This result is like the anaerobic activation or reversible oxygen-dependent inhibition phenomena described for numerous NiFe Hz uptake hydrogenases (see [6, 25] ) and is ascribed to the necessity for the redox active nickel ion to be in a 'ready' state [6].
Hydrogenase activity was clearly membrane associated. Of the total methylene blue-dependent H:! uptake activity in H. pylori crude extracts, less than 5% was localized to the soluble (non-sedimentable) fraction. Similarly, about 6% of the total phenazine methosulfate-dependent Hs uptake activity was detected in the non-sedimentable fraction. The oxygendependent Hz-oxidizing activity was strictly confined to the membrane particle fraction, and no Hs evolution activity (assayed by using reduced viologen dyes at 1 mM) could be detected amperometrically in either the membranes or the soluble fraction.
Anaerobically incubated membranes (and in the presence of 25 uM sodium dithionite) had much greater activities than samples exposed to oxygen during the (methylene blue-dependent) assay; assays done aerobically (in 20-40 uM oxygen) contained 7-Difference absorption spectral studies on H. pylori Hz-oxidizing membranes were performed to attempt cytochrome identification. Cytochromes have not been reported in H. pylori, but in the closely related bacterium Campylobacter fetus subsp. jejuni spectral studies have identified cytochromes of the b, c and o type [27] . H2 reduced minus 02 oxidized difference spectral scans on H. pylori membranes provided evidence for the existence of b-and c-type cytochromes (see Fig. 2 ) in the Hz-oxidizing respiratory chain. In addition, the spectral features involving peaks at 627, 560, 595, and 530 nm are distinct characteristics of a bd-type terminal oxidase complex [28, 29] . The cytochrome bd-type oxidases are typically high Oz-affinity oxidases thus being well suited to respiratory functioning in microaerobic environments [30] . For Campylobacter fetus the CO spectra indicated c-type and o-type cytochromes as possible terminal oxi- The standard reduction potentials (Eo') were taken from Loach [32] . The lOO?/ activity (to methylene blue) was 382 + 18 nmol Hs uptake per min per mg protein based on the average f standard deviation for five replicate assays. Membranes (0.10-0.18 mg protein) in argon-sparged buffer (50 mM K-phosphate, pH 7.0, containing 2.5 mM MgCls) were added to the sealed chamber so that the initial oxygen level was less than 4.0 FM. Then the (6.8 ml) amperometric chamber was made completely anaerobic by the addition of sodium dithionite (35 FM). Then the electron acceptor was added from a concentrated stock solution in the same buffer, followed by the addition of 75 nmol of Ha. The phenazine methosulfate-dependent assays were performed in the dark. The data shown are for the acceptor at saturating concentrations. Four or more independent assays were done for each acceptor, and the average of the four determined for calculating the relative rate compared to methylene blue. Also, the entire experiment was repeated with a separate membrane preparation; essentially identical results were obtained. DCPIP, dichloroindophenol; FMN, flavin mononucleotide. dases, and two Oz-dependent cytochrome re-oxidation systems (i.e. terminal oxidases) were present in membranes, one of which was cyanide sensitive [27] . The respiratory Hz-activating enzymes are classified in the 'uptake type' group of hydrogenases and all contain nickel and iron. This represents the most widespread group among hydrogenases, and they are composed of one large and one small subunit [7, 8] . These hydrogenases function in either simple or complex (i.e. branched) Hz-oxidizing respiratory pathways in aerobic, anaerobic or photosynthetic respiratory chains [8, 11] . Based on the results presented here, it seems the H. pylori hydrogenase will fall into this large conserved class of NiFe hydrogenases. Whether this hydrogen-oxidizing phenotype is related to the pathogenicity by H. pylori is not known, but considering the low pH of the gastric environment, Hz metabolism could indeed be one factor affecting survival and perhaps optimal metabolism of the organism in the stomach. Also, hydrogenases contain unique domains and the hydrogen-metabolizing enzymes are lacking in humans. Therefore, as new target sites for inhibition of H. pylori are sought [2, 31] identifying inhibitors of hydrogenase assembly or function must be kept in mind as possible approaches.
